Diabetes mellitus is associated with vascular complications. Diabetic patients exhibit high levels of glycated adducts in serum compared to non-diabetic individuals. The aim of this study was to investigate whether extracellular glycated albumin (GA) predisposes vascular smooth muscle cells (VSMCs) to pro-inflammatory phenotype. Exposure of rat aortic smooth muscle cells (AoSMCs) to GA not only enhanced interleukin-6 (IL-6) release but also activated promoter activity of the IL-6 gene. GA-induced IL-6 promoter activation was suppressed by dominant-negative forms of Toll-like receptor (TLR)-4 and myeloid differentiation factor 88 (MyD88), but not by dominant-negative-forms of TLR-2 and TIR-domain-containing adapter-inducing interferon-β (TRIF). Extracellular signal-regulated kinase (ERK) inhibition and diphenyleneiodium (DPI) also attenuated IL-6 induction by GA. Mutation at the nuclear factor-κB (NF-κB)-binding site in the IL-6 promoter region suppressed promoter activation in response to GA. The present study proposes that GA would contribute to inflammatory reaction in the stressed vasculature by inducing IL-6 in VSMCs, and that TLR-4, EKR, and NF-κB play active roles in the process.
Introduction
Hyperglycemia is related to the development of chronic clinical complications associated with diabetes mellitus, including retinopathy, neuropathy, nephropathy, and angiopathy [2, 23] . The non-enzymatic condensation of free glucose with reactive lysine amino groups in albumin results in the formation of Schiff base intermediates that undergo Amadori rearrangement to form stable protein-glucose adducts. The early-stage reaction products of albumin or serum proteins are called Amadori-modified (glycated) albumin, or fructosamines. Through further oxidative and non-oxidative reactions, Amadori-modified products form advanced glycation end products (AGEs) [3, 13] . The fact that elevated concentration of Amadori-modified albumin promotes generalized vasculopathy in animal models indicates that AGEs are likely to accumulate in the vessel wall, where they can disrupt cell structure and function [4, 5] .
Amadori adducts are able to modulate vascular cells. In vascular smooth muscle cells (VSMCs), glycated albumin (GA) stimulates proliferation via extracellular signal-regulated kinase (ERK) and protein kinase C (PKC); promotes nitric oxide (NO) production by increasing inducible nitric oxide synthase (iNOS) expression through transcriptional activation of the iNOS gene; and induces CCL-2 and interleukin (IL)-6 expression via p38 mitogen-activated protein kinase (MAPK) [9, 10] . In human umbilical vein endothelial cells, GA induces E-selectin expression through NADPH oxidase activation and apoptosis through enhancement of iNOS activity [12] . The effects of GA on cells are likely to be mediated via receptor pathways. GA binds to cells in a dose-responsive and saturable manner [22, 25] . GA is recognized as a bifunctional ligand with a plasma membrane site that binds glucose residues and another distinct plasmalemmal vesicle site that binds albumin domains; a calnexin-like protein has been reported to selectively bind fructosyl-lysine residues in glucose-modified albumin in mesangial cells [26] .
VSMCs play a pivotal role in regulation of vascular tone in the media of healthy arteries. In atherosclerosis, VSMCs undergo phenotypic and cellular changes thought to be crucial in the development of atherosclerotic plaques, and thus produce cytokines and excessive extracellular matrix proteins [16, 17, 21] . Activation of Toll-like receptors (TLRs), which are a family of pattern-recognition receptors, triggers a downstream signaling cascade, leading to activation of the nuclear factor-κB (NF-κB) pathway, which then activates the transcription of genes that encode pro-inflammatory mole-cules, including cytokines, chemokines, and other effectors of the innate immune response [19, 32] . TLRs are able to change VSMCs to a pro-inflammatory phenotype, resulting in induction of cytokines and chemokines like IL-6 and CXCL8 (also known as IL-8) [29, 30] . Since IL-6 expression is significantly elevated in patients with type 2 diabetes [11] , it was hypothesized that the Amadori adduct would contribute to vasculopathy by inducing IL-6 via certain types of receptors.
To explore the potential role of glycation in vascular inflammation, it was investigated whether GA induced IL-6 in VSMCs and found that rat aortic smooth muscle cells (AoSMCs) exhibited IL-6 up-regulation via transcriptional activation in response to GA. Furthermore, the involvement of TLRs and transcription elements in GA-induced IL-6 up-regulation in VSMCs was investigated.
Materials and Methods
Cell culture and reagents A7r5 rat AoSMCs were purchased from the American Type Culture Collection (Manassas, VA) and cultured in Dulbecco's modified Eagle's medium-high glucose (DMEM) supplemented with 10% fetal bovine serum (FBS), 50 units/ml penicillin and 50 μg/ml streptomycin in a humidified atmosphere of 5% CO2. Glycated human serum albumin, N-acetylcysteine (NAC) and diphenyleneiodium (DPI) were purchased from Sigma-Aldrich (St. Louis, MO). The reporter plasmid containing a 651-bp fragment of the IL-6 gene promoter region (pIL-6-Luc) located directly upstream of the transcriptional start site, as well as its mutant constructs were kindly provided by Dr. Oliver Eickelberg [8] . Dominant-negative mitogen-activated kinase kinase (MKK3) (Y193A) and MKK4 (S257A,T261A) were kindly provided by Dr. Roger J. Davis [6] . Dominant-negative MKK1 (K97M) was from Dr. Natalie G. Ahn [18] . Plasmids encoding dominant-negative forms of TLR pathway were purchased from Invivogen (San Diego, CA).
Enzyme linked immunosorbent assay (ELISA) of IL-6
The amount of IL-6 released from the cells into the culture medium was determined using a commercially available ELISA kit according to the manufacturer's instructions (Amersham, Piscataway, NJ). Cells were serum-starved for 6 hr and exposed to GA prior to isolation of the culture medium. The isolated culture medium and IL-6 standards were added to a plate pre-coated with a monoclonal antibody against IL-6. After incubation for an hour, the plate was washed and incubated with an enzyme-linked polyclonal antibody specific for IL-6. After several washes, the substrate solution was added, and the color intensity was determined.
Reverse transcription (RT) -polymerase chain reaction (PCR)
Total RNAs extracted from VSMCs were reverse-transcribed for an hour at 42°C with Moloney Murine Leukemia Virus reverse transcriptase, followed by PCR analysis. For PCR analysis, primers for IL-6 were 5'-AGTTGCCTTCTTG GGACTGA-3' (forward) and 5'-CAGAATTGCCATTGCACA AC-3' (reverse). Products were size-separated by electrophoresis on 2% agarose gels and visualized after staining with ethidium bromide.
Transient transfection and luciferase assay Rat AoSMCs were seeded in 100-mm culture dishes 24 hr before transfection. Cells were transfected with 10 μg IL-6 reporter plasmid and 3 μg β-galactosidase plasmid using Lipofectamine (Invitrogen, Carlsbad, CA). Cells were then re-fed DMEM containing 10% FBS 6 hr post-transfection and incubated overnight. Transfected cells were exposed to 1 mg/m GA for the indicated time periods after serum starvation. Luciferase activity was measured using a luciferase assay kit (Promega, Madison, WI) with signal detection in a luminometer and normalized to β-galactosidase activity.
Statistics
Statistical analyses were performed by ANOVA, and p< 0.05 was considered to be statistically significant.
Results
The effects of GA on IL-6 transcript and protein in VSMCs To investigate the effects of GA on IL-6 expression in VSMCs, the level of IL-6 transcript was examined by RT-PCR after exposure of rat AoSMCs to GA. IL-6 transcript was elevated in the presence GA. The elevation was observed as early as 6 hr post-treatment and persisted up to 24 hr after treatment (Fig. 1A) . IL-6 release from VSMCs was also examined by ELISA. The amount of IL-6 in the medium increased from 95 to 460 pg/ml in the presence of GA (Fig. Fig. 1 . The effect of GA on IL-6 expression. (A) Rat AoSMCs were treated for the indicated time periods with 1 mg/ml of GA, and IL-6 transcript was amplified by RT-PCR. PCR products were separated on agarose gels and visualized. (B) Rat AoSMCs (1×10 6 cells) cultured in growth media were incubated for 12 hr in the presence of BSA (control) or GA (1 mg/ml). After the culture media were harvested, IL-6 secreted into the culture medium was measured using ELISA. Data are expressed as mean±SD (n=3 replicates/group). *p<0.001 vs. control. (C) Rat AoSMCs were transfected with the pIL-6-Luc construct and incubated in the presence of BSA (control) or GA (1 mg/ml, for 12 hr). Luciferase activity was determined and normalized to β-galactosidase activity. Induction was calculated relative to the activity of control cells. Data are expressed as mean±SD (n=3 replicates/group). *p<0.01 vs. control. 1B). Reporter gene assay was carried out to investigate whether GA increased IL-6 transcript via activation of IL6 gene promoter. Rat AoSMCs were transfected with the IL-6 reporter plasmid, and luciferase activity was assessed in the presence or absence of GA. Compared with control exposed to BSA, GA increased luciferase activity by 1.9-fold, indicating that GA promoted IL-6 transcriptional activity (Fig. 1C) .
Involvement of TLR-4 pathways in IL-6 promoter activation
To investigate roles of TLRs in GA-induced promoter activation of IL-6 gene, a reporter gene assay was carried out after transfection of rat AoSMCs with the IL-6 reporter plasmid in combination with dominant-negative forms in TLR pathways. The GA-induced luciferase activity driven by IL-6 promoter was affected by co-transfection with dominant-negative forms of TLR-4 ( Fig. 2A) and myeloid differentiation factor 88 (MyD88) (Fig. 2B) . Of the two, dominant-negative MyD88 profoundly inhibited promoter activation of IL-6 gene. Co-transfection with dominant negative forms of TLR-2 and TIR-domain-containing adapter-inducing interferon-β (TRIF), however, did not inhibit GA-induced IL-6 gene activation.
Roles of MAPKs in GA-induced IL-6 promoter activation in VSMCs
To understand the roles of MAPK in GA-induced IL-6 promoter activation, plasmids encoding dominant negative forms of MKK were employed. Dominant negative forms of MKK1, MKK3, or MKK4 were co-transfected into rat aortic smooth muscle cells, and luciferase activity was assessed after stimulation with GA (Fig. 3A) . Luciferase activity was significantly decreased by co-transfection with MKK1(K97M). Cotransfection with MKK3(A) and MKK4(A) GA-induced IL-6 promoter activity. Next, the effects of inhibitors of ERK1/2, p38 MAPK, and JNK on IL-6 promoter activation were examined. Rat were transfected with the IL-6 reporter plasmid and pretreated with the inhibitors U0126 (an ERK1/2 kinase inhibitor), SB202190 (a p38 MAPK inhibitor), or SP600125 (a JNK inhibitor) before stimulation with GA (Fig. 3B) . hereas SB202190
Roles of NF-κB and C/EBP in GA-induced IL-6 promoter activation in VSMCs
To investigate roles of the transcription elements in GA-induced IL-6 promoter activation, reporter gene assays were carried out after transfection of rat AoSMCs with an IL-6 reporter plasmid mutated at the nuclear factor (NF)-κB-, The IL-6-Luc plasmid was co-transfected into rat AoSMCs with the indicated dominant-negative forms of TLRs (dn-TLR4 and dn-TLR2) or control vector (pCDNA3). After stimulation with GA (1 mg/ml, for 12 hr), luciferase activity was determined and normalized to β-galactosidase activity. The luciferase activity obtained from pCDNA3-transfected cells were considered 100%, and the luciferase activity of cells transfected with dominant negative TLRs was calculated relative to it. Data are expressed as mean±SD (n=3 replicates/group). *p<0.01 vs. pCDNA3. (B) The IL-6-Luc plasmid was co-transfected into rat AoSMCs with the dominant negative forms of MyD88 (dn-MyD88) and TRIF (dn-TRIF) or control vector (pCDNA3). After stimulation with GA (1 mg/ml, for 12 hr), luciferase activity was determined and normalized to β-galactosidase activity. The luciferase activity obtained from pCDNA3-transfected cells were considered 100%, and the luciferase activity of cells transfected with the dominant negative forms was calculated relative to it. Data are expressed as mean±SD (n=3 replicates/group). *p<0.01 vs. pCDNA3. The transfected cells were stimulated GA (1 mg/ml, for 12 hr) and processed for luciferase assay. Induction was calculated relative to the activity of the cells that were co-transfected with a control plasmid (pCDNA3). Data are expressed as mean±SD (n=3 replicates/group). *p<0.05 vs. pCDNA3. (B) Rat AoSMCs transfected with the wild-type pIL-6-Luc651 construct, pretreated with SB202190, SP600125, or U0126 (10 mM each for 2 hr), stimulated with GA (1 mg/ml, for 12 hr) and processed for luciferase assay. Induction was expressed relative to the activity of the cells that were stimulated with GA in the presence of dimethylsulfoxide (DMSO), the carrier of the inhibitors. Data are expressed as mean±SD (n=3 replicates/group). *p<0.01 vs. DMSO.
activating protein-1 (AP-1)-or CCAAT-enhancer-binding protein (C/EBP)-binding site (Fig. 4) . GA significantly increased luciferase activity. Mutation at the NF-κB binding site profoundly inhibited the luciferase activity induced by GA. Mutation at the AP-1-or C/EBP-binding site did not change promoter activation. Fig. 4 . Involvement of transcriptional elements in GA-induced IL-6 gene activation. Rat AoSMCs were transfected with the wild-type pIL-6-Luc construct or the indicated mutant constructs of AP-1, NF-kB, and C/EBP, respectively. Cells were stimulated with GA (1 mg/ml, for 12 hr) and processed for luciferase and β-galactosidase assays. Induction was calculated relative to the activity of cells transfected with wild-type IL-6 promoter (pIL-6-Luc). Data are expressed as mean±SD (n=3 replicates/group). *p<0.01 vs. pIL-6-Luc.
Roles of reactive oxygen species (ROS) in GA-induced IL-6 promoter activation in VSMCs
The effects of the two ROS quenchers, NAC and DPI, on GA-induced IL-6 up-regulation were investigated by reporter gene assay (Fig. 5A) . Of the two ROS quenchers, DPI affected IL-6 induction. It profoundly inhibited GA-induced promoter activation of the IL-6 gene by 30%. NAC, however, showed trivial effects on GA-induced promoter activation of IL-6 gene. It was investigated whether NAC and DPI affected secretion of IL-6 protein by ELISA (Fig. 5B) . GA-mediated IL-6 secretion was inhibited in the presence of DPI. NAC, however, did not affect IL-6 secretion.
Discussion
Expression of cytokine or chemokine in vasculature contributes to vascular diseases. It is believed that cytokine-and chemokine-mediated inflammatory and immune process including immigration and infiltration of leukocytes, macrophages and T cells into and activation of them within the artery leads to progression of atherosclerosis and plaque instability. The specialized roles of cytokines or chemokines in atherosclerosis are well documented [17, 31] . Owing to active participation of chemokine in atherogenesis, the identification and characterization of the factors regulating chemo- kine expression are important and will lead us to new insights into strategies for the prevention and therapy of atherosclerosis. The present study focused on the expression of IL-6 and regulation of IL-6 gene in AoSMCs in response to extracellular GA. When VSMCs were exposed to GA, IL-6 transcript was significantly increased, and luciferase activity driven by the IL-6 gene promoter was elevated, which indicates that extracellular GA transactivates IL-6 gene.
Moreover, GA enhanced release of IL-6 protein from VSMCs. Taken together, these data indicate that GA up-regulates IL-6 at transcriptional and post-translational levels.
The association of TLRs with vascular diseases has been demonstrated. Compared with normal arteries, expression of TLRs, such TLR-1, -2, and -4, is markedly enhanced, and a considerable proportion of TLR-expressing cells are activated in the human atherosclerotic lesion [7] . Among the subtypes of TLRs, TLR-4 seems to be closely associated with atherosclerosis, as knockout of TLR-4 or its adaptor molecule, MyD88, has been reported to block inflammatory response and proliferation of VSMCs in the atherosclerotic lesion [14, 20] . Among the subtypes of TLRs, expression of -4 has been detected in human VSMCs [28, 30] . TLR-4, which is the most abundant TLR in human VSMCs, transmits signals through MyD88-dependent and -independent (e.g., via TRIF) pathways after recognition of lipopolysaccharide (LPS), an exogenous ligand [1, 15] . When the roles of the TLRs in GA-mediated activation of IL-6 gene were examined using dominant-negative constructs, IL-6 promoter activity was attenuated by dominant-negative TLR-4 and MyD88, but not by dominant-negative TLR-3, TRIF, indicating major roles of TLR-4 and MyD88 in activation of IL-6 gene by GA. Taken together, these findings indicate that GA is likely to induce IL-6 expression in VSMCs via MyD88-dependent TLR-4 pathway.
The IL-6 promoter region contains transcription element of NF-κB, C/EBP, and AP-1 [27] . Thus, it was determined which transcription elements were responsible for promoter activation in response to GA using mutant IL-6 reporter plasmids. The mutation at NF-κB-binding site significantly attenuated promoter activity, indicating active role of NF-κB in IL-6 induction. This finding agrees with the fact that the signal from TLR-4 activates NF-κB [1, 15] .
ROS play a role in TLR-4 signaling. In human VSMCs, LPS enhances the stability of TLR-4 mRNA, as well as the phosphorylation of MAPKs in a NADPH oxidase-mediated, ROS-dependent manner [24] . Therefore, participation of ROS in IL-6 induction was investigated using DPI, a NADPH oxidase inhibitor, and NAC, a ROS scavenger. DPI inhibited promoter activation of IL-6 gene, and prevented release of the IL-6 protein in response to GA. These findings indicate involvement of NADPH oxidase-mediated ROS in GA-mediated IL-6 expression.
The present study has demonstrated that GA induces IL-6 expression through various cellular factors such as MAPKs, NF-κB, and TLR-4. These findings suggest that GA can up-regulate IL-6 in VSMCs via the aforementioned molecules, and thereby contribute to vasculopathy in patients with diabetes.
